In this study, an impedance model based on electrochemical theory considering hydrogen peroxide formation during a two-step oxygen reduction reaction (ORR) in polymer electrolyte fuel cells (PEFCs) has been developed. To validate the theoretical treatment, electrochemical impedance spectroscopy (EIS) measurements were carried out in an open-cathode 16 cm 2 H 2 /air PEFC stack. The results show that inductive loops at low frequencies of the impedance spectra are attributed to mechanisms related to hydrogen peroxide formation during ORR. The results also demonstrate that the mechanisms during consumption of hydrogen peroxide to form water (second-step in ORR) can be the dominating process for losses in the PEFC compared to the mechanisms during oxygen consumption to form hydrogen peroxide (first-step in ORR). Oxygen transport limitations can be a result of hydrogen peroxide adsorbed onto the surface of the electrode which reduces the number of active sites in the cathode catalyst layer for oxygen to react. This study could support results from other experimental techniques to identify hydrogen peroxide formation during the ORR that limit the performance of PEFCs.
component in the electrical equivalent circuit can describe a physical process that takes place in the PEFC. In the authors' previous study [1] , an electrical equivalent circuit based on electrochemical theory was developed to simulate and characterise the frequency response of the PEFC at any current of the polarisation curve.
However, the electrical circuit had limitations in reproducing EIS measurements with positive imaginary components at low frequencies. EIS measurements with positive imaginary components at low frequencies are known as an inductive loop and have been reported in EIS measurements of PEFCs [2, 3] . Makharia et al. [3] suggested that the possible reasons for this inductive effect at low frequencies are the side reaction and intermediates involved in fuel cell reactions. Roy et al. [4] developed impedance models to account for the reaction mechanisms that may be responsible for the inductive response at low frequencies; the models propose the formation of hydrogen peroxide and platinum dissolution during the oxygen reduction reaction (ORR). It has been reported [5] that crossover of hydrogen to the cathode facilitates the reaction of oxygen and hydrogen at the cathode, generating hydroxyl and hydroperoxyl radicals which react further to produce hydrogen peroxide at the cathode. The hypothesis that hydrogen peroxide may be formed at the cathode of a fuel cell is supported by the results of Inaba et al. [6] . In this study an impedance model considering fundamental electrode theory and considering hydrogen peroxide formation in a two-step ORR has been developed. Modelling considerations based on EIS theory were taken into account to simplify the mathematical treatment, the high frequency region related to ionic diffusion mechanisms in porous electrodes found in the previous study [1] were not considered here. The focus of the current study is at the low frequency range where the mechanisms relating to hydrogen peroxide formation during the oxygen reduction are represented. The impedance model considering formation of hydrogen peroxide during a two-step ORR was validated against EIS measurements carried out in an opencathode 16 cm 2 PEFC stack.
Electrochemical mechanisms of hydrogen peroxide formation during ORR
The two-step ORR which yields the formation of hydrogen peroxide (H 2 O 2 ) and the formation of water (H 2 O) has been reported in the literature [4, 7] as: The current densities corresponding to reactions (1) and (2) have been reported in the literature [8] (8) where i 0,i represents the exchange current density, 2 2 , O H eq γ is the fractional surface coverage of hydrogen peroxide under equilibrium conditions and i eq V , is the equilibrium potential.
Multiplying both terms of Eq. 5 by ( ) ( ) 
Assuming that the formation of hydrogen peroxide is governed by the Langmuir isothermal, it is possible to define the total current and the variation rate of
where β is the maximum surface coverage by hydrogen peroxide.
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ac impedance response
If a small ac perturbation is applied to the working electrode, the EIS technique allows the use of a linear equation to simulate impedance spectra. A linear model can be derived using the Taylor series expansion as expressed below:
To facilitate the mathematical treatment, the small disturbance of oxygen . The term that defines the change of oxygen concentration from the GDL-CCL interface to the PEM-CCL interface at the frequency domain has already been developed in the authors' previous study [1] and will be considered in the next section. It will be possible to incorporate the Warburg Impedance, which has been broadly used in the analysis of oxygen transport limitations in experimental EIS measurements of PEFCs, into the mathematical treatment. 
where ω is the angular frequency and j is the imaginary component. 
where the subscript ss represents the steady-state, 2  2  2   2  2  2  2   2   2 2, , ,
where i R represents the charge transfer resistance: 
Oxygen transport limitations
The oxygen concentration at the electrode surface depends on the diffusion of oxygen through the multiphase via parallel and serial paths in the CCL [16] . In the authors' previous study [1] the ratio between oxygen concentrations at the CCL-PEM and CCL-GDL interfaces in the frequency domain was derived to characterise oxygen transport limitations in the impedance response of PEFCs. This ratio between oxygen concentrations is considered, as the EIS technique measures the change in oxygen concentration in the total CCL. This also allows the derivation of the Warburg Impedance which has been broadly used in the EIS area [11, 12] defined as the time constant to diffuse oxygen through the CCL.
Electrochemical Impedance of the PEFC under Hydrogen Peroxide Formation
Substituting Eq. 26 into Eqs. 20 and 21 gives:
Arranging Eq. 31 for 2 2 O H γ yields:
Substituting Eq. 32 into Eq. 30 yields: 
The CCL is formed by a double layer structure of the interface between dissimilar materials, i.e., the electrodeelectrolyte interface. The electrode represents the electron-conducting network of carbon-supported platinum agglomerates while the electrolyte represents the ion-conducting dispersion of Nafion. At this interface an electric field is present and has a determinant role in the charge distribution within the reactants as well as in the position and orientation of the reactant to form the desired products. This double layer can behave like a capacitor that is in parallel with the electrode reactions; the current passing from the electrode to the electrolyte can either take part in the charge transfer reactions or contribute to the charge in the capacitive effect. The electrochemical reaction in the electrode results in an inhomogeneous distribution of charge in the catalyst layer.
As a result, a non-ideal capacitor (Constant Phase Element) [17] defined in the frequency domain jω has to be considered in the theoretical treatment, in order to correct for this inhomogeneity:
where Y represents a parameter related to capacitance and superscript P represents a parameter to correct the inhomogeneity in the distribution of charge.
Eq. 34 can be rearranged to express the electrical current that enters a circuit composed of resistive, and capacitive elements, as shown in Fig. 1 giving: The hydrogen oxidation reaction (HOR) mechanisms occurring at the anode have been proposed by Malevich et al. [11] to be represented as an electrical circuit composed of a resistor (charge transfer resistance) in parallel with a capacitor (representing the double layer capacitance). HOR taking place in the anode is a faster and a less complicated reaction sequence than the ORR in the cathode and can be represented at the frequency domain as:
if no contaminants such as CO are present, where Ra is charge transfer resistance and Ca is capacitance.
The opposition of ions flowing through the PEM, and electrons flowing through the bipolar plate and GDL can be represented by resistances connected in series. The overall process can be represented with a total resistance Rohm that accounts for the different resistances in the layers of the PEFC.
Therefore, the impedance of the PEFC including anode, cathode, and PEM can be represented through the following equation:
where R ohm represents the ohmic resistance of the PEM, bipolar plates, GDL, the second term on the right hand side represents Eq. 37 and the third term represents the cathode impedance (Eq. 36). Eq. 38 can be represented through the equivalent electrical circuit shown in Fig. 2 For the specific case when the charge transfer resistance related to hydrogen peroxide reaction was not steady for a long period of time due to the high water concentration produced by the ORR. The frequency scan was performed from 10 kHz down to 0.1 Hz, with a 5% AC amplitude of the DC current.
It has been commonly considered that the oxygen in the fuel cell can be electrochemically reduced directly to water without the formation of intermediate species. The hypothesis that a 2-step ORR is present during fuel cell operation is supported by the results from Inaba et al. [6] . The authors revealed that hydrogen peroxide can be formed by a two-electron reduction pathway and exists on Pt particles supported on carbon. After hydrogen peroxide is desorbed from the Pt surface, and diffuses away to the bulk of the solution. If Pt/C catalysts are highly agglomerated the H 2 O 2 molecules easily diffuse to nearby Pt/C particles where they are transformed to water by further two-electron reduction (series four-electron reduction or 2-step ORR).
Experimental Validation and Results
EIS measurements are commonly analysed by fitting an impedance model with experimental data. An increase in the number of parameters in an equation that represents the PEFC impedance response may lead to increased error in the resulting fitted values with experimental EIS. A Randles circuit as reported by Malevich et al. [11] was first fitted to the measured EIS spectra using ZView 2.9 software (Scribner Associates, Inc), as shown in φ R in Eq. 38 is a frequency dependent parameter, therefore it cannot be expressed as a resistor in a commercial software (e.g. Zview). The parameters 2 2 O H R , τ , and the ones related to φ R from Eq. 38 were estimated using a Graphic User Interface (GUI) developed in Matlab. The use of the GUI for EIS analysis has already been demonstrated in the authors' previous study [1, 18] . The parameters 2 
O H R
, τ , and from φ R were fitted to the EIS measurements using the GUI to reproduce the inductive loop at low frequencies as shown in Fig. 6 . The GUI allows the fitting of the parameters from Eq. 38 to achieve a good agreement between the experimental and simulated data. The parameter 2 O R was recalculated to account for the charge transfer resistance of oxygen consumption during a two-step ORR. The least squares fitting method was used in order to find the best-fit between the model and the measured data. A good quality fit is obtained when the sum of the deviations squared (least square error) between the simulated and measured impedance data has a minimum value, for instance <0.1. The parameters of Eq. 38 extracted from the measured EIS data are shown in Table I . Figure 6 shows that with the parameters given in Table I, al. [4] . One of the reasons of finding a better agreement in this study is the fact that a constant phase element, which accounts for nonhomogeneous charge distribution in the catalyst layer, was considered in the modelling approach. Different to the modelling approach by Roy et al. [4] where an ideal capacitor, which represents homogenous charge distribution in the catalyst layer, was considered. . Similar results were reported by Yuan et al. [19] when EIS measurements were carried out in a 500 W six-cell PEFC stack. Their results showed that the impedance spectrum decreased with increasing current up to 80 amperes, and beyond 80 amperes the impedance spectrum increased again. Paganin et al. [20] reported that when the kinetics of the ORR dominates the cell performance such as in the low current density range of the polarisation curve, the impedance spectrum mainly represents the charge transfer effect during the ORR and its diameter decreases with increasing current density.
At high currents, the increase in diameter of the spectra with increasing current density can be attributed to an increase in oxygen transport limitations [19] . One of the disadvantages of the EIS technique is that multiple energy controlled processes during the electrochemical reaction can be masked in the impedance plot. The charge transfer resistances related to oxygen reduction Fig. 7 shows that the model is able to reproduce the Bode modulus for all the frequencies. Fig. 8 shows a discrepancy in the phase angle between measured and simulated data at the highest frequencies ( > 5 kHz). Orazem and Tribollet [21] reported in their study that the Bode modulus and real part component of the impedance plots are relatively insensitive to the quality of the fit of a model to impedance data. The imaginary component of the impedance and Bode phase angle plots are modestly sensitive to fit quality. The ionic resistance in the CCL has been represented in EIS measurements [3, 22] as a 45 o region at high frequencies. At high frequencies (Fig. 6 ) it is clearly shown that the 45° straight line represents the ionic resistance of the catalyst layer. The discrepancy between the measured data and simulated data in phase angle at high frequencies (5-10 kHz) shown in Fig. 8 can be related to the fact that the ionic resistance in the CCL was not considered in Eq. 38.
A property from EIS measurements is that as the frequency reaches a value of zero the operating conditions of the fuel cell must converge to steady state conditions [23] . This means that a resistive value (no frequency dependence) for the impedance response is expected as the frequency reaches zero. This resistive value is named polarisation resistance and is related to the slope of the E-I (polarisation) curve [24] . Roy et al. [4] reported that the presence of side reactions (e.g. hydrogen peroxide formation) has little influence on polarisation curves, as these reactions take place a low rate compared to HOR and ORR. Also the authors concluded that EIS measurements are more sensitive than polarisation curves with the side reactions present. A further study for EIS measurements in a PEFC with low rate of side reactions (no inductive loop) and inducing side reactions (inductive loop) should be carried out. This is to study the relation between polarisation resistance and the impedance response at frequencies near 0 Hz for both conditions.
Discussion
The electrical current during a simple electron-transfer ORR takes part in the charge transfer and simultaneously takes part in the consumption of oxygen during the ORR. This process can be represented through the Randles circuit where the faradaic impedance consists of the charge transfer resistance connected in series with the mass transport resistance (Warburg element) [11, 12] . During a two-step electron transfer ORR the sum of the reactions, hydrogen peroxide formation and water formation, in the two-step ORR yields the reaction accounting for formation of water without any intermediates. The resulting electrical circuit that accounts for formation of hydrogen peroxide during the ORR can be represented through a parallel electric circuit configuration between the two-step ORR mechanisms, as shown in Fig. 1 . In the study of Roy et al. [4] , electrical circuits were developed to account for adsorbed species during a two-step ORR in which the impedance related to the first step of the ORR is in parallel with the impedance related to the second step of the ORR. Wagner and Gülzow [25] reported an electrical circuit configuration to account for a PEFC during poisoning of the anode with CO in which the anode charge transfer resistance is connected in parallel with a relaxation impedance describing the surface relaxation of the electrode-electrolyte interface. Their study reported inductive loops at low frequencies related to CO poisoning in PEFC electrodes. High purity hydrogen (99.999 %) was used during these experimental tests, therefore the influence of CO on EIS measurements can be ruled out in this work. Table 1 . This demonstrates that the HOR taking place in the anode is a faster and a less complicated reaction sequence than the ORR in the cathode. Commonly it has been assumed during the analysis of EIS measurements that there is no contribution of the anode impedance to the cell impedance [12] . However, it is highly recommended to consider the anode impedance during the fitting process of EIS measurements if a reference electrode is not used within the experimental system. This would avoid uncertainly in the resulting data.
The value of charge transfer resistance was validated with experimental measurements as shown in Tab 1, and therefore demonstrates that the kinetic mechanisms during consumption of hydrogen peroxide to form water can be the dominating process for losses in the PEFC compared with the mechanisms during oxygen reduction. One of the disadvantages of the EIS technique is that the time constants related to the different electrochemical processes are overlapped in the complex-impedance plot [26] . The increase in oxygen concentration limitations during the first step of the ORR can be a result of the intermediate species adsorbed onto the electrode surface which reduce the number of active sites in the CCL for oxygen to react. From Table I it can be demonstrated that the time constant process τ which relates to the reaction of hydrogen peroxide during the second step of the ORR is greater than the time constant for oxygen to diffuse through the CCL T W . This can be demonstrated in the EIS complex plot where the inductive loop related to hydrogen peroxide formation mechanisms are present at the lowest frequencies.
The process responsible for the inductive characteristics at low frequencies has been attributed to hydrogen crossover through the PEM [5] to form hydrogen peroxide at the cathode. Hydrogen crossover from anode to cathode through conventional graphite for bipolar plates due to their porous nature could also be a responsible process for hydrogen peroxide formation and inductive loops in EIS measurements. Fig. 6 shows a slight difference in the shape of the inductive loop from experimental data compared to the simulated data. This difference could reveal that during fuel cell operation not only hydrogen peroxide formation is present but also other electrochemical mechanisms that can cause fuel cell degradation. It has been proposed [4] that platinum dissolution could also be represented as an inductive loop at low frequencies.
Therefore the results shown in Fig. 6 can lead to the development of a future impedance model which combines hydrogen peroxide formation with platinum dissolution.
Conclusions
An impedance model based on hydrogen peroxide formation during the ORR has been developed to characterise EIS measurements of PEFCs featuring inductive loops at low frequencies. The current study begins by defining the electrochemical equations representing the rate of charge transfer during hydrogen peroxide formation in a two-step ORR. Modelling considerations based on EIS theory were taken into account to simplify the mathematical treatment. The equations defining the electrochemical mechanisms during the two-step ORR were transformed from the time domain to the frequency domain to simulate the frequency response of the PEFC and thus the low frequency inductive loop. The theoretical treatment is validated against the measured EIS response of an open-cathode PEFC stack. The results show that the model can predict the experimental impedance response presenting an inductive loop at low frequencies attributed to mechanisms of hydrogen peroxide reaction. The results also show that electrochemical mechanisms related to the reaction of hydrogen peroxide during the ORR can limit the PEFC performance. This study could assist with other experimental studies to identify hydrogen peroxide formation during the ORR which limit the performance of PEFCs. 
